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Docket Number: 687 (7483) 

BACKGROUND OF THE INVENTION 

Field of the Invention 

[0001] The present invention relates to vicinal III-V nitride substrates, e.g., vicinal gallium 
nitride substrates, such as are usefully employed for deposit of homoepitaxial films thereon in 
the fabrication of high quality electronic and op to-electronic devices. 

Description of the Related Art 

[0002] GalHum nitride (GaN) and related III-IV nitride alloys are wide bandgap 
semiconductor materials that have application in opto-electronics (e.g., in fabrication of blue 
and UV light emitting diodes and laser diodes) and in high-frequency, high-temperature and 
high-power electronics. In such high-performance devices, high quality epitaxial films must be 
grown on the substrate. 

[0003] GalUum nitride-based electronic devices are typically grown on foreign 
(heteroepitaxial) substrates such as sapphire and silicon carbide. Due to the resultant mismatch 
of lattice constants and thermal coefficient of expansion differences between the gallium nitride 
device layers and the foreign substrate, a high density of defects typically is produced in the 
gallium nitride device layers, adversely affecting device performance. 

[0004] Growth of gallium nitride device layers is typically performed by metal-organic 
vapor phase epitaxy (MOVPE), with a buffer layer fu-st being grown on the foreign substrate, 
followed by growth of a few microns thickness of gallium nitride and associated device layers. 
To reduce crystal defects in the gallium nitride layer, techniques such as epitaxially laterally 
overgrown (ELOG) growth have been employed on sapphire or silicon carbide. 
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[0005] In view of the morphological and structural deficiencies associated with use of 
heteroepitaxial substrates, native gallium nitride substrates would be ideal for many gallium- 
nitride based microelectronic devices. Gallium nitride substrates can be prepared by various 
methods. 

[0006] Porowski et al. U.S. Patent 5,637,531 describes growth of bulk gallium nitride 
from metallic gallium at high nitrogen pressure, but the disclosed method has achieved 
maximum crystal size of only about 10 mm platelets (S. Porowski and I. Grzegory, J. Cryst. 
Growth, Vol. 78, 174 (1997), M. Bockowski, J. Cryst. Growth, Vol. 246, 194 (2002)). Gallium 
nitride crystalline platelets are c-plane structures and have polar surfaces, with one face of the 
platelet terminated with gallium and the other face terminated with nitrogen. Each of the 
respective surfaces has distinct properties, and most gallium nitride-based devices are as a 
matter of preference grown on the gallium-terminated surface, i.e., the (0001) surface. 
Although the size of the crystal platelets is small, homoepitaxial growth has been carried out on 
samples of such platelets. For example, MOVPE homoepitaxy has been carried out on gallium 
nitride crystalline platelets with lateral dimensions less than 5 mm (F.A. Ponce, D.P. Bour, W, 
Gotz and P.J. Wright, Appl. Phys. Lett., 68(1), 57 (1996)). High electron mobility transistor 
(HEMT) structures based on AlGaN/GaN heterostructures have been grown on 8 x 8 mm^ 
gallium nitride samples by molecular beam epitaxy (E. Frayssington et al., Appl. Phys. Lett. 77, 
2551 (2000)). InGaN/GaN multiple quantum well (MQW) structures and double 
heterostructure LEDs have been grown on about 6x8 mm^ gallium nitride samples by MOVPE 
(M. Kamp et al, MRS Internet J. Nitride Semicond. Res. 4S1, G.10.2 (1999)). MOVPE 

homoepitaxial growth on nitrogen-terminated gallium nitride (0001) crystal platelets and on 

surfaces shghtly tilted away from the (0001) plane has been reported (A. R. A. Zauner et al., J. 
Crystal Growth, 210, 435 (2000)). 
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[0007] Since the manufacture of opto-electronic and electronic devices requires large area 
substrates, various devices have been grown on large-area gallium nitride substrates produced 
by other techniques. Devices include gallium nitride-based laser diodes (S. Nakamura, et al, 
Jpn. J. AppL Phys. 37, L309 (1998)). A complicated growth sequence was employed by 
Nakamura et al. to form such laser diodes. First, a 2 micron thick MOVPE gallium nitride 
layer was grown on a sapphire substrate, followed by deposition of a 2 micron thick silicon 
dioxide layer patterned into stripes. A 20 micron thick gallium nitride layer then was grown by 
MOVPE using ELOG technique to cover the silicon dioxide pattern and achieve a flat gallium 
nitride surface. This was followed by hydride vapor phase epitaxy (HVPE) to form a gallium 
nitride layer of about 100 microns thickness. Next, the sapphire substrate was removed by 
polishing to obtain a gallium nitride article of about 80 microns thickness. Finally, an InGaN 
MQW LD structure was grown by MOVPE. 

[0008] Ogawa et al. U.S. Patent 6,455,877 discloses growth of light emitting devices on 
gallium nitride substrate formed by HVPE deposition of gallium nitride on ELOG gallium 
nitride formed by MOVPE on sapphire, wherein the sapphire was polished away after 
formation of sufficient gallium nitride thickness. Ogawa et al. describes a preferred substrate 
orientation of 0.10 to 0.25 degree tilt away from the c-plane of the gallium nitride material In 
subsequent U.S. Published Patent Application No. 2001/0030329, Ueta, et al. state a preference 
for a substrate orientation of 0.05-2 degrees tilted away from the c-plane of the gallium nitride 
material. In these various device structures, the device layer was grown by MOVPE directly on 
the as-grown HVPE gallium nitride surface. 

SUMMMARY OF THE INVENTION 

(00091 The present invention relates to vicinal III-V nitride substrates, e.g., gallium nitride 
substrates, having suitability for high quality homoepitaxial fabrication of microelectronic and 
opto-electronic device structures. 
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[0010] In one aspect, the present invention relates to a GaN substrate including a GaN 
(0001) surface ofFcut from the <0001> direction predominantly towards a direction selected 

from the group consisting of < 1 0 1 0> and <11 2 0> directions, at an offcut angle in a range that 
is from about 0,2 to about 10 degrees, wherein said surface has a RMS roughness measured by 
50 X 50/xm AFM scan that is less than 1 nm, and a dislocation density that is less than 3E6 cm"^. 

[0011] A further aspect of the invention relates to a method of forming a GaN substrate 
including a GaN (OOOl)surface offcut from the <0001> direction predominantly towards a 

direction selected from the group consisting of <1010> and <11 2 0> directions, at an offcut 
angle in a range that is from about 0.2 to about 10 degrees, wherein the surface has a RMS 
roughness measured by 50 x 50^m^ AFM scan fliat is less than 1 nm, and a dislocation density 
that is less than 3E6 cm'^. The method to synthesize such wafers includes growing a bulk GaN 
single crystal body, and processing the bulk GaN single crystal body to form at least one wafer 
therefrom, wherein the processing step includes a step selected from the group consisting of: (i) 
a slicing step conducted in a slicing plane tilted away from the c-plane at the offcut angle 

predominantly towards the direction selected from the group consisting of <1010> and 

<1 1 2 0> directions, (ii) an angle lapping step conducted in a lapping plane tilted away from the 
c-plane at the offcut angle predominantly towards the direction selected from the group 

consisting of <1010> and <1 1 2 0> directions, and (iii) separating the bulk GaN single crystal 
body after growing the bulk GaN single crystal body on a vicinal heteroepitaxial substrate 
including a (0001) surface offcut from the <0001> direction predominantly towards a direction 

selected from the group consisting of <1010> and <1 1 2 0> directions, at an ofFcut angle in the 
range of from about 0.2 to about 10 degrees. 
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[0012] In another aspect, the invention relates to a method of fabricating a microelectronic 
or opto-electronic device, including: 

(a) forming a GaN substrate including a GaN (OOOl)surface offcut from the <0001> 
direction predominantly towards a direction selected from the group consisting of 

<1010> and <1 1 2 0> directions, at an offcut angle in a range that is from about 0.2 to 
about 10 degrees, wherein the surface has a RMS roughness measured by 50 x SOfim 
AFM scan that is less than 1 nm, and a dislocation density that is less than 3E6 cm*^, 
such method including growing a bulk GaN single crystal body, and processing the 
bulk GaN single crystal body to form at least one wafer therefrom, wherein the 
processing step includes a step selected from the group consisting of: (i) a slicing step 
conducted in a slicing plane tilted away from the c-plane at the offcut angle 

predominantly towards the direction selected from the group consisting of <1010> and 

<1 1 2 0> directions, (ii) an angle lapping step conducted in a lapping plane tilted away 
from the c-plane at the offcut angle predominantly towards the direction selected from 

the group consisting of <10 10> and <1 1 2 0> directions, and (iii) separating the bulk 
GaN single crystal body after growing the bulk GaN single crystal body on a vicinal 
heteroepitaxial substrate including a (0001) surface offcut from the <0001> direction 

predominantly towards a direction selected from the group consisting of <1010> and 

<1 1 2 0> directions, at an offcut angle in the range of from about 0.2 to about 10 

degrees, and 

(b) depositing on the GaN substrate a homoepitaxial III-V nitride material, e.g., GaN. 

[0013] Other aspects, features and embodiments of the present invention will be more 
fiiUy apparent from the ensuing disclosure and appended claims. 

Brief Description of the Drawings 
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[0014] FIG. 1 is a differential interference contrast (DIC) microscope image of the surface 
of an MOVPE homoepitaxial film grown on an MOVPE GaN/sapphire template. The growth 
conditions included growth temperature of 1220**C and growth rate of 4 /xm/hr. 

[0015] FIG. 2 is a DIC microscope image of the MOVPE homoepitaxial GaN film on the 
GaN wafer. The growth conditions included growth temperature of 1220®C and growth rate of 
4/im/hr. 

[0016] FIG. 3 is a DIC microscope image of a 2 fim thick homoepitaxial GaN film on the 
GaN wafer, from the perimeter of the wafer. The growth conditions included growth 
temperature of 1 170°C and growth rate of 2 /im/hr. 

[0017] FIG. 4 is a DIC microscope image of the 2 /zm thick homoepitaxial GaN film on 
the GaN wafer. The image was from the same wafer as shown in FIG. 3, but was taken from a 
near center position on the wafer. The growth conditions included growth temperature of 
1 170**C and growth rate of 2 /im/hr. 

[0018] FIG. 5 is a 50 X 50 fim^ AFM image for the homoepitaxial GaN film on the GaN 
wafer, taken near the area with the morphology shown in FIG. 4. 

[0019] FIG. 6 is a 2 X 2 jim^ AFM image for the homoepitaxial GaN film on the GaN 
wafer in the hillock area, taken near the area with the morphology shown in FIG. 4. 

[0020] FIG. 7 is a 2 X 2 fim^ AFM image for the homoepitaxial GaN film on the GaN 
wafer in the smooth area, taken near the area with the morphology shown in FIG. 3. 
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[0021] FIG. 8 is a DIG optical image of a GMP finished vicinal GaN (0001) wafer with 
nominally 8 degree ofFcut towards the <1010> direction. 

[0022) FIG. 9 is a 10 X 10 ^m^ AFM image of a CMP finished vicinal GaN (0001) wafer 
with 8 degree offcut towards the <1 1 2 0> direction. 

[00231 FIGS. lOA and lOB schematically show angle lapping of wafers, with FIG. lOA 

showing the wafer placed in an angle lapping fixture, and FIG. lOB showing the wafer after 
lapping a wedge on the wafer. 

[0024] FIG. 1 1 is a 10 X 10 /xm^ AFM image of a CMP finished angle lapped GaN (0001) 
surface with 2 degree ofFcut towards the <1010> direction. 

[0025] FIG. 12 is a DIG microscope image of the wafer surface near the center and near 
the edge for a 2-/im thick homoepitaxial film growth on a vicinal GaN substrate (1 degree 

toward <1010>) under growth conditions including growth rate of 2 /im/hr and growth 
temperature of 1 120®C. 

[0026] FIG. 13 is a 50 X 50 /im^ AFM scan of the l-fim thick homoepitaxial film growth 
on a vicinal substrate (1 degree offcut toward <1010>), for which the optical image of the film 
is shown in FIG. 12. 

[0027] FIG. 14 is a 2 X 2 fim^ AFM scan of the 2-ptm thick homoepitaxial fihn growth on a 
vicinal GaN (0001) substrate (1 degree offcut towards <1010>), for which the optical image of 
the fihn is shown in FIG. 12. 
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[0028] FIG, 15 is a 2 X 2 (im^ AFM scan of the surface of an HEMT structure grown on a 
vicinal GaN (0001) substrate (2 degree ofifcut towards <1 1 2 0>). 

[0029] FIG. 16 is a capacitance-voltage (CV) measurement of the HEMT structure grown 

on 2 degree offcut (towards <11 20>) GaN (0001) substrate, as determined with a mercury 
probe. 

[0030] FIG. 17 is a DIG microscope image of the surface of an HEMT structure grown on 
an 8 degree (towards <1010>) vicinal GaN (0001) substrate, in which the morphology of the 
HEMT surface replicated the substrate surface shown in FIG. 8. 

[0031] FIG. 18 is a capacitance-voltage (CV) measurement of the HEMT device layer 
grown on the 8 degree offcut (towards <1010>) GaN (0001) substrate. 

[0032] FIG. 1 9 is a 50 X 50 im? AFM scan of a 2 /im thick homoepitaxial GaN film grown 
on a vicinal GaN (0001) substrate with offcut direction other than predominantly <1010> or 
<11 2 0> families. 

DETAILED DESCRIPTION OF THE INVENTION, AND PREFERRED 
EMBODIMENTS THEREOF 

[0033] Although the ensuing discussion herein is directed primarily to GaN as an 
illustrative III-V nitride species for application of the present invention, it will be recognized 
that the invention is broadly applicable to III-V nitride compounds, including binary 
compounds and alloys. As used herein, the term "III-V nitride" refers to semiconductor 
material including nitrogen and at least one of Al, In and Ga. Such III-V nitride material may 
be denoted symbolically as (Al,In,Ga)N. The term (Al,In,Ga)N includes all permutations of 
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nitrides including one or more of Al, In and Ga, and thus encompasses as alternative materials 
AIN, InN, GaN, AlInN, AlGaN, InGaN and AlInGaN, wherein the stoichiometric coefficients 
of Al, In, and Ga in compounds containing two, or all three, of such metals may have any 
appropriate values between 0 and 1 with the proviso that the sum of all such stoichiometric 
coefficients is 1. In this respect, impurities such as hydrogen or carbon, dopants, or strain- 
altering materials such as boron can also be incorporated in the (Al,In,Ga)N material, but the 
sum of all stoichiometric coefficients is 1 within a variation of ± 0.1%. Examples of such 
compounds include AlxGai.xN wherein 0<x<l, and AUnyGaux-yN wherein 0<x<l and 0<y<l. 
Thus, although the ensuing discussion is directed to GaN as an illustrative material, other III-V 
nitride materials may likewise be employed in the high quality substrates of the invention. As 
background to the subsequent disclosure of the method and vicinal substrates of the invention, 
the following description is directed to a series of experiments that were conducted to show the 
deficiencies of homoepitaxial growth of gallium nitride by metal-organic vapor phase epitaxy 
(MOVPE) on c-plane surfaces of various large area substrates. 

[0034] In one set of experiments, a MOVPE gallium nitride film was grown in the same 
growth run on nominally c-plane fireestanding GaN wafer and on a template made of 
heteroepitaxial MOVPE GaN fihn on sapphire. Since the surface of the GaN/sapphire tenq3late 
was gallium nitride, MOVPE growth conditions optimized for the heteroepitaxial growth of 
gallium nitride on sapphire were used without a low temperature buffer layer. 

[0035] It was expected in these experiments that the homoepitaxial GaN film on the GaN 
wafer would be superior to the pseudo-homoepitaxial film on the GaN/sapphire template. 
Surprisingly, the homoepitaxial film on the GaN wafer was rougher than the GaN film on the 
GaN/sapphire template. 

[0036] FIG. 1 is a differential interference contrast (DIG) microscope image of the surface 
of the homoepitaxial film grown on the GaN/sapphire template. FIG. 2 is the DIG microscope 
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image of the homoepitaxial GaN film on the GaN wafer. Both films were grown in one growth 
run, at a growth temperature of 1220*'C and a growth rate of 4 iim/hr. The temperature during 
the growth process was measured with a thermocouple placed under the susceptor, in 
consequence of which the actual wafer surface temperature was likely -lOO-lSO^C lower than 
the thermocouple reading. The homoepitaxial film on the GaN/sapphire template was smooth 
and featureless, while the homoepitaxial film on the GaN wafer was very rough and exhibited 
three-dimensional growth features. 

[0037] The surface morphology of the homoepitaxial GaN film on the GaN substrate was 
determined to be susceptible to substantial improvement, by optimizing the growth conditions 
for forming homoepitaxial GaN on the GaN substrate. Experiments were conducted in which 
the growth rate, growth temperature, ammonia flow, and growth pressure were varied. It was 
found that by reducing the growth rate from 4 /rni/hr to 2 ^im/hr, the surface morphology was 
significantly improved. At a growth rate of 2 /im/hr, the surface morphology of the 
homoepitaxial film on the GaN substrate was further improved by reducing the growth 
temperature from 1220°C to 1170°C or even lower. It was also found that the surface 
morphology could be improved by increasmg NH3 flow rate or by increasing the growth 
pressure. The optimal growth conditions depend on the reactor geometry and interrelated 
growth parameters. By systematically varying the growth conditions in the reactor, 
homoepitaxial GaN fibn on the nominally c-plane GaN wafer with smooth surface morphology 
was achieved. FIG. 3 shows a DIG microscope image of a 2 fim thick homoepitaxial GaN fihn 
on a nominally c-plane GaN wafer. The surface was very smooth and almost featureless. 

[0038] However, it was found that even under optimal growth conditions, the surface 
morphology of the homoepitaxial films on nominally c-plane GaN wafers were not uniform. 
There were at least two types of surface morphology, viz., smooth surface of the character 
shown in FIG. 3, and hillock surface morphology. 
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[0039] FIG. 4 shows hillock surface morphology of the homoepitaxial GaN film on a 
nominally c-plane GaN wafer. The hillock surface morphology was typically located near the 
center of the wafer and the smoother surface morphology was typically near the outer margins 
of the wafer. 

[0040] The non-uniformity of the surface morphology was determined to be related to the 
crystal orientation of the surface. Due to the presence of the residual stress in the gallium 
nitride wafer blank prior to wafer polish, the c-plane GaN wafer blank had lattice curvature, 
i.e., the c-plane of the crystalline material was not flat, but rather was bowed. During formation 
of epitaxy-ready GaN wafer by mechanical lapping, polishing and chemical mechanical 
polishing, the wafer surface can be made mechanically flat, but the lattice curvature may still be 
present, so that only a specific surface area, typically near the wafer center, has the c-plane 
parallel to the surface. The majority of the surface area, toward the outer margins of the wafer, 
has the c-plane slightly tilted away from the surface. The slight tilt of the surface away from 
the c-plane is typically less than 1 degree for the nominally c-plane GaN wafer. 

[0041] The hexagonal hillock morphology of the homoepitaxial film that was observed on 
the nominally c-plane GaN wafer was associated with a surface area that was exactly parallel to 
the c-plane. The formation of the hexagonal hillock structure on the exact c-plane substrate 
was attributable to a low density of crystalline steps on the exact c-plane surface, which made 
smooth two-dimensional growth difRcult. By the formation of hexagonal hillocks, crystalline 
steps were created so that the local surface plane was no longer an exact c-plane. The 
crystalline steps created nucleation centers for the growing film, allowing incoming atoms from 
the gas phase to settle along the steps. 

[0042] For the GaN wafer with a distribution of surface angles with respect to the 
crystalline c-plane there was a distribution of surface step widths and step directions. On the 
exact c-plane substrate, hexagonal hillocks were symmetric. When moving slightiy away from 
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the exact c-plane to a slight vicinal angle, i.e., offcut angle, defined as the angle between the 
lattice c-plane and the local surface (vicinal and offcut being used interchangeably herein), one 
side of the hexagonal hillock structure was enlarged at the expense of the opposite side, as can 
be seen in FIG. 4. When the vicinal angle was sufficiently large, the hillock morphology 
disappeared. 

[0043] Surface microstructures of homoepitaxial GaN films on GaN substrates were 
examined by atomic force microscope (AFM). The non-uniform surface morphology observed 
in the DIG optical microscope was also present in the microstructure observed in the AFM 
images. 

[0044] In the surface area with a hillock surface morphology, the surface microstructure 
appeared to be faceted, as shown in the 50x50 fim^ AFM image of FIG. 5. FIG, 6 is a 2x2 /im^ 
AFM scan showing further details of the microstructure. Atomic step structure was visible. 
The widths between the atomic steps in the area with hillock morphology on the homoepitaxial 
film, typically were between about 100 nm and about 300 nm. Based on such atomic step 
width and assuming single bilayer step heights, it was determined that the local surface was 
from about 0.2 degrees away from the lattice c-plane, i.e., the 2 ;im thick homoepitaxial film on 
the exact c-plane GaN substrate developed a surface offcut with respect to the lattice c-plane 
that was about 0.2 degrees. 

[0045] Away from the center hillock region, the homoepitaxial film was very smooth, as 
shown in FIG. 3. AFM imaging also showed smooth microstructure. FIG. 7 is a 2x2 fim^ AFM 
image of a 2 /xm thick homoepitaxial GaN fibn on a GaN wafer. The AFM image was acquired 
in the area with a surface morphology of the character shown in FIG. 3. FIGS. 3 to 7 are 
images obtained from one homoepitaxial fihn on a GaN wafer, but in different areas of the 
fihn. The surface rougjhness as measured by root-mean square (RMS) technique was 0.14 nm 
over 2x2 /im^ AFM image, demonstrating extreme smoothness of the homoepitaxial film 
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surface. 

[0046] Non-uniform surface morphologies of homoepitaxial films on large-area GaN 
wafers cause non-uniform device properties and yield loss, in consequence of which there has 
been a compelling need in the art for improvements in GaN technology that enables reliable 
and commercially reproducible production of uniformly smooth and high quality homoepitaxial 
GaN films on GaN substrates. 

[0047] The issues associated with non-uniform surface morphology of homoepitaxial 
films on GaN substrates and the occurrence of rough hillock surface features in the production 
of GaN films are obviated by the GaN wafer articles of the present invention, having surfaces 
intentionally tilted away fi-om the lattice c-plane, i.e., wafers with vicinal c-plane surface or 
with offcut surfaces^ on which homoepitaxial growth may be carried out to produce high 
quality smooth homoepitaxial films of GaN. 

[0048] By way of reference, the c-plane of the GaN crystal is designated as (0001) plane, 
and the direction of the c-plane is the c-axis [0001] direction. When reference is made to 

(0001) plane, the gallium-terminated c-plane is meant, whereas the (0001) plane refers to the 
nitrogen-terminated c-plane. The direction of a surface or plane is defined as the direction 
normal to the surface. When the surface direction of a vicinal wafer is the plane defined by 

<0001> and <11 2 0> directions , the surface is referred to as a (0001) surface offcut towards 

<11 2 0> direction. Because of the symmetry of the GaN crystal, the <1010> direction is a 

general expression of a group of directions including [1010], [1010], [1100], [1100], [0110] 

and [01 10]. The <11 2 0> direction is a general expression of a group of directions including 

[1120], [1120], [1210], [1210], [2110] and [2110]. As used herein, the term 

"predominantly towards" in reference to a specified direction, e.g., the <1010> direction or 
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<1 1 2 0> direction, means towards such direction +15 degrees. It should be borne in mind that 
such reference refers to an azimuthal tolerance angle, in contrast to references herein to a polar 
(offcut) angle. Preferably, the azimuthal variation towards the specified direction is + 5 
degrees, and most preferably, such variation is ± 2 degrees. 

[0049] The present invention contemplates a GaN substrate including a GaN (0001) 
surface offcut from the [0001] direction predominantly towards a direction selected from the 

group consisting of <10 1 0> and <1 1 2 0> directions, at an offcut angle in a range that is from 
about 0.2 to about 10 degrees, wherein the surface has a RMS roughness measured by 50 x 
SOfitr^ AFM scan that is less than 1 nm, and a dislocation density that is less than 3E6 cm*^ 

[0050] The GaN (0001) surface in specific embodiments may be ofifcut toward the 
<1010> direction or the <11 2 0> direction, at an offcut angle in a range of from about 0.2 to 
about 10 degrees, or at an offcut angle in a range of from about 0.2 to about 4 degrees, or at an 
offcut angle in a range of from about 3 to about 8 degrees, or at an offcut angle in a range of 
from about 5 to about 8 degrees, or at an offcut angle in a range of from about 2.5 to about 10 
degrees, or at an ofifcut angle in a range of from about 2.5 to 8 degrees, or at an ofifcut angle in a 
range of from about 2.5 to about 4, as may be variously be appropriate in a given application of 
the invention. 

[0051] In specific embodiments, the offcut surface may have a RMS roughness measured 
by 50 X SOfixr? AFM scan that is less than 0.9 nm, or more preferably a RMS roughness 
measured by 50 x 50/im^ AFM scan that is less than 0.5 rmi. In preferred aspects, the 
dislocation density of the GaN substrate is less than 1E6 cm"^, and more preferably less than 
5E5 cm\ 

[0052] The GaN substrates of the invention are useftilly employed for fabricating 
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microelectronic or opto-electronic devices and device structures, involving deposition of 
homoepitaxial GaN on the substrate, e.g., as a component step in a multistep fabrication 
process involving additional deposition of AlGaN on the homoepitaxially deposited GaN on the 
GaN substrate, to form an AlGaN/GaN HEMT structure. The device fabricated on the GaN 
substrate altematively may comprise a blue or shorter wavelength laser diode. 

[0053] The deposition of homoepitaxial GaN or other III-V nitride material on the GaN 
substrate may be carried out using any suitable deposition technique, e.g., MOVPE, and the 
deposition process may be carried out at any suitable process conditions. For example, the 
deposition of homoepitaxial III-V nitride material can be carried out at temperature in a range 
of from about 700 to about 1220**C, or altematively in a range of from about 1120 to about 
1170**C, or altematively in a range of from about 1100 to about 1225°C, depending on the 
specific application, and the growth rate of the homoepitaxial GaN or other III-V nitride 
material on the GaN substrate can be at a rate in a range of from about 0.1 /im/hr to about 50 
/im/hr, or altematively in a range of from about 1 /im/hr to about 50 /xm/hr, or altematively in a 
range of from about 1 iixn/hx to about 4 /im/hr, or altematively in a range of from about 1 /im/hr 
to about 2 /im/hr. 

[0054] Ofifcut wafers in accordance with the invention can be produced by several 
methods. When a long GaN boule is available, the boule can be oriented and sliced to produce 
wafers with offcut angle with respect to the c-plane. When a relatively thick c-plane GaN 
wafer blank is available, the GaN wafer blank can first be angle-lapped, which involves placing 
the wafer in a fixture with a predetermined angle with respect to the lapping plate, and lapping 
the wafer to produce a wedge conformation of the wafer. The wedged wafer then is lapped on 
the backside to remove the wedge conformation and yield a wafer with the surface tilted away 
from the lattice c-plane. Vicinal GaN can also be grown on a vicinal template, such as 
sapphire, that is removed after deposition of the vicinal GaN material, to yield a freestanding 
vicinal GaN substrate article. 
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[0055] In one illustrative embodiment of the invention, a GaN boule was grown by a 
hydride vapor phase epitaxy (HVPE) process to a thickness of about 1 centimeter. The GaN 
boule was oriented with a goniometer so that during slicing with a wire saw, the slicing plane 

was tilted 8 degrees away from the c-plane in the <1010> direction. The boule was 

subsequently sliced into multiple wafer blanks with 8 degree offcut towards the <10i0> 
direction. 

[0056] In another embodiment of the invention, a GaN boule was grown by an HVPE 
process to a thickness of about 1 centimeter. The GaN boule was oriented with a goniometer so 
that during slicing with a wire saw, the sHcing plane was tilted 8 degrees away from the c-plane 

in the <11 2 0> direction. The boule was subsequently sliced into multiple wafer blanks with 8 

degree offcut towards <1 1 2 0>. 

[0057] In yet another embodiment of the invention, a GaN boule was grown by an HVPE 
process to a thickness of about 1 centimeter. The GaN boule was oriented with a goniometer so 
that during slicing with a wire saw, the sHcing plane was tilted 4 degrees away from the c-plane 

in the <1010> direction. The boule was subsequently sliced into multiple wafer blanks with 4 

degree ofifcut towards < 1 0 1 0>. 

[0058] In still another embodiment of the invention, a GaN boule was grown by an HVPE 
process to a thickness of about 1 centimeter. The GaN boule was oriented with a goniometer so 
that during slicing with a wire saw, the slicing plane was tilted 4 degrees away from the c-plane 

in the <1 1 2 0> direction. The boule was subsequently sliced into multiple wafer blanks with 4 

degree ofifcut towards <1 1 2 0>. 
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[0059] In a further embodiment of the invention, a GaN boule was grown by an HVPE 
process to a thickness of about 1 centimeter. The GaN boule was oriented with a goniometer so 
that during slicing with a wire saw, the slicing plane was tilted 2 degrees away from the c-plane 

in the <1 0 1 0> direction. The boule was subsequently sliced into multiple wafer blanks with 2 

degree oflfcut towards <10 10>. 

[0060] In another embodiment of the invention, a GaN boule was grown by an HVPE 
process to a thickness of about 1 centimeter. The GaN boule was oriented with a goniometer so 
that during shcing with a wire saw, the slicing plane was tilted 2 degrees away from the c-plane 

in the <1 1 2 0> direction. The boule was subsequently sliced into multiple wafer blanks with 2 

degree ofifcut towards <1 1 2 0>. 

[0061] The sliced vicinal wafer blanks produced as described above then were lapped with 
a 9-micron particle size diamond slurry on both sides to remove saw damage. A c-plane GaN 
wafer has two surfaces, one terminated with nitrogen and referred to as the nitrogen-terminated 

(0001) surface, and the other surface terminated with gallium and referred to as the gallium- 
terminated (0001) surface. The offcut GaN (0001) wafers also have two surfaces. One surface 
is vicinal to the (0001) surface, and is still termed a gallium-terminated surface, although the 
vicinal (0001) surface has atomic steps that expose a small portion of nitrogen atoms to the 
surface. 

[0062] After lapping both sides of the vicinal wafers described in the above-referenced 
embodiments, the gallium-sides of the wafers were further polished with smaller grit diamond 
slurry until mirror finishes were obtained. The nitrogen-sides optionally can also be polished to 
a minor finish. The diamond polished surfaces still contained surface and subsurface damage 
from the polish operation. 
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[0063) A chemical mechanical polish (CMP) process then was used as the final polish step 
to remove remaining surface damage from the gallium-terminated surface, the surface for 
subsequent homoepitaxial growth. In general, the CMP process may be carried in any suitable 
manner and with any appropriate CMP formulation. The CMP process was effective in 
removing scratches and surface damage. 

[0064] FIG. 8 is a DIC optical unage of a CMP finished vicinal GaN (0001) wafer with 8 

degree offcut towards <loio> direction. FIG. 9 is a 50x50 fiw? AFM image of a CMP finished 

vicinal GaN (0001) wafer with 8 degree ofifcut towards the <1 1 2 0> direction. The 8 degree 
offcut wafers after CMP exhibited step structures as shown in FIGS. 8 and 9. 

[0065] Vicinal GaN wafers can also be produced by angle lapping. FIG. 10 is a schematic 
of an angle lapping process flow for forming a vicinal GaN substrate from a nommally c-plane 
wafer blank. In FIG. lOA, the c-plane wafer blank is placed in a pocket of a fixture with a 
predetermined tilt at the bottom of the pocket. The wafer in the pocket is lapped on a lapping 
plate so that after lapping the top of the wafer surface is parallel to the top of the fixture, i.e., 
the wafer shape is a wedge and the wafer top surface is at a vicinal angle with respect to the c- 
plane of the GaN, as shown in FIG. lOB. After the formation of the wedge conformation, the 
wedged wafer is placed in a fixture and lapped so that the two surfaces of the wafer are parallel 
to each other, and they have the same magnitude offcut. 

[0066] In an illustrative embodiment, a GaN wafer blank with a thickness of about 1 .3 mm 
was formed by HVPE growth on c-plane sapphire and the sapphire then was removed. The 

wafer blank was subsequently angle lapped to produce a 1 degree ofifcut towards the <1010> 
direction, 

[0067] In another embodiment, a GaN wafer blank with a thickness of about 1.3 mm was 
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formed by HVPE growth on c-plane sapphire and the sapphire was removed. The wafer blank 
was subsequently angle lapped to produce a 1 degree offcut towards the <1 1 2 0> direction. 

[0068] In a further embodiment, a GaN wafer blank with a thickness of about 1 .3 mm was 
formed by HVPE growth on c-plane sapphire and the sapphire was removed. The wafer blank 

was subsequently angle lapped to produce a 2 degree oftcut towards the <1010> direction. 

[0069] In yet another embodiment, a GaN wafer blank with a thickness of about 1,3 mm 
was formed by HVPE growth on c-plane sapphire and the sapphire was removed. The wafer 

blank was subsequently angle lapped to produce a 2 degree offcut towards the <1120> 
direction. 

[0070] In a still further embodiment, a GaN wafer blank with a thickness of about 1.3 mm 

was formed by HVPE growth on c-plane sapphire. The wafer blank was subsequently angle 

lapped to produce a 1 degree offcut towards a direction intermediate between <1010> and 
<1120>. 

[0071] The angle lapped vicinal GaN wafers produced as described above were further 
polished at the gallium-terminated surface with smaller diamond grit to produce a mirror finish. 
It will be appreciated that the nitrogen-side optionally can be polished to a mirror finish. 
Subsequently, the gallium-side of the wafers was chemical mechanically polished to remove 
surface scratches and subsurface damage. 

[0072] FIG, 1 1 is an AFM image of a representative CMP finished angle lapped GaN 
(0001) surface, with a 2 degree offcut towards <1010>. The surface was very smooth (the pits 
in the image were associated with threading dislocations). 
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[0073] Vicinal GaN can be grown in accordance with the invention on vicinal sapphire 
substrates. In one illustrative embodiment, a c-plane sapphire substrate with a 1 degree offcut 

towards <1010> direction was used and an HVPE GaN fihn was grown on the substrate. X- 
ray diffraction measurement confirmed that the GaN film also had a 1 degree off-cut towards 
<11 20> direction. In another illustrative embodiment, HVPE GaN was grown on a c-plane 
sapphire substrate with a 2 degree offcut towards the <1010> direction. X-ray diffraction 
measurement confirmed the GaN film as being 2 degree offcut towards the <1 1 2 0> direction. 

[0074] In yet another illustrative embodiment, GaN film was grown by HVPE technique 
on a vicinal c-plane sapphire substrate with a 4 degree offcut towards the <1010> direction. 
X-ray diffraction confirmed the GaN film as vicinal with a 4 degree offcut towards the 
<112 0> direction. 

[0075] Vicinal GaN substrates in accordance with the invention can be prepared by 
growing a relatively thick GaN fihn on a vicinal substrate formed of any suitable material that 
enables offcut GaN growth. The vicinal substrate for such purpose may for example be formed 
of sapphire, gallium arsenide, silicon, or other appropriate material. As a further specific 
example, the offcut GaN growth may be carried out on a vicinal sapphire substrate involving 
HVPE deposition of GaN. 

[0076] After growing a relatively thick GaN film on a vicinal foreign substrate, the foreign 
substrate can be removed by any suitable means or method. For example, the substrate removal 
may involve elimination of the substrate, removal of part or all of the substrate, or removal of 
all of the substrate and part of the GaN adjacent to the substrate. Specific techniques that may 
usefully be employed for such purpose include mechanical grinding, chemical etching, 
interfacial decomposition, interfacial fracturing, or any other means or method appropriate to 
the particular substrate. After removing the foreign substrate, the resulting GaN wafer blank 
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can be lapped, polished, and chemical mechanically polished as described hereinabove, to yield 
an epitaxy-ready vicinal GaN substrate. 

[00771 Low defect density vicinal GaN substrates in accordance with the invention can be 
produced by slicing low defect density GaN ingots, or angle lapping a low defect density GaN 
wafer blank, or lapping and polishing a vicinal GaN wafer blank if the low defect GaN material 
is grown on a vicinal foreign substrate. A two-stage growth process, as disclosed in our co- 
pending United States Patent Application filed on date herewith in the names of Xueping Xu 
and Robert P. Vaudo for "LARGE AREA, UNIFORMLY LOW DISLOCATION DENSITY 
GaN SUBSTRATE AND PROCESS FOR MAKING THE SAME," may be advantageously 
used to produce such GaN material with low dislocation density. The disclosure of the co- 
pending United States Patent Application is hereby incorporated herein by reference in its 
entirety. The dislocation density of the low dislocation density GaN preferably is lower than 
3E6 cm'^, more preferably less than 1E6 cm"^ and most preferably less than 5E5 cm"l 

[00781 The gallium-side of vicinal GaN substrates in accordance with the invention can be 
finished with chemical mechanical polish processing for superior surface smoothness, having a 
surface RMS as measured with atomic force microscope in a 50x50 firv? area of less than 1 nm. 
The surface RMS as measured with an atomic force microscope in a 2x2 fim^ area preferably is 
less than 0.9 nm, and more preferably is less than 0,5 nm. The nitrogen-side of the vicinal 
substrate can be matte finish, or it can optionally be polished to a mirror finish. 

[0079] The features and advantages of the invention are more fully shown by the 
following non-limiting examples of MOVPE GaN homoepitaxial fihn and device layer growth 
on vicinal GaN substrates. 

Example 1 
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[0080] A vicinal GaN substrate with 1 degree offcut towards <10-10> direction was used 
as a substrate for homoepitaxial growth. 

[0081] FIG. 12 is a DIG microscope image of the wafer surface near the center and near 
the edge for a 2-)xm homoepitaxial film grown on such vicinal GaN substrate (1 degree towards 

<1010>) under the following growth conditions: growth rate = 2 ptm/hr and growth 
temperature = 1120**C. The homoepitaxial fihn was uniformly smooth, in contrast to a 
nominally c-plane substrate on which a non-uniform homoepitaxial film was grown. 

[0082] Under the DIG optical microscope, the homoepitaxial GaN fihn on the vicinal GaN 
wafer was smooth and featureless over the entire wafer surface, as shown in FIG. 12. Optical 
surface morphology of the GaN film near the edge of the vicinal substrate was identical to the 
morphology of the GaN film near the center of the vicinal substrate. 

[0083] AFM was further utilized to characterize surface microstructure of the GaN film on 
the vicinal GaN substrate. FIG. 13 is a 50x50 [inc? AFM scan of the 2-jLtm homoepitaxial film 

grown on the vicinal substrate (1 degree toward <1010>). The surface was exceptionally 
smooth with a RMS roughness of 0.38 nm in a 50x50 /im^ area. The threading dislocation was 
decorated as growth pits and the dislocation density of the fihn was about 2E6 cm"^. 

[0084] FIG. 14 is a 2x2 /xm^ AFM scan of the 2-/im thick homoepitaxial fihn grown on the 
vicinal GaN (0001) substrate (1 degree offcut towards <1010>). The RMS roughness of the 
homoepitaxial film was 0.12 nm in a 2x2 ptm^ area, demonstrating the exceptionally smooth 
nature of the film. 

Example 2 
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[0085] An AlGaN/GaN high electron mobihty transistor (HEMT) structure was grown on 

a vicinal GaN (0001) substrate (2 degree offcut towards the <1120> direction) under the 
following growth conditions: growth rate = 2 /xm/hr and growth temperature = 1170*^0. The 
HEMT structure consisted of a 2 ftm thick undoped MOVPE homoepitaxial GaN fikn on the 
vicinal substrate and 25 nm AlGaN (30 atomic % Al) layer on top of the homoepitaxial GaN 
film. The HEMT wafer had uniform and smooth surface morphology when examined under an 
optical microscope. The hillock morphology typically observed on the homoepitaxial surface 
on a c-plane GaN (0001) substrate was absent on the vicinal GaN wafer. 

[0086] FIG. 15 is a 2x2 ftm^ AFM scan of the HEMT structure grown on the 2 degree 

offcut (towards <1120>) GaN (0001) substrate, showing a smooth surface morphology with 
step structures. 

[0087] FIG. 16 is a capacitance-voltage (CV) measurement of the HEMT structure with a 
mercury probe, confirming that a two-dimensional electron gas (2DEG) was formed. 

Example 3 

[0088] An AlGaN/GaN high electron mobility transistor (HEMT) structure was grown on 
an 8 degree offcut (towards <1010> direction) GaN (0001) substrate under the following 
growth conditions: growth rate = 2 /im/hr and growth temperature = 1170®C. The HEMT 
structure consisted of a thick 2 ^m undoped MOVPE homoepitaxial GaN film on the vicinal 
substrate and 25 nm AlGaN (30 atomic % Al) layer on top of the homoepitaxial GaN film. The 
surface morphology of the HEMT structure was smooth and replicated the substrate 
morphology. 

[0089] FIG. 17 is a DIG microscope image of the surface of the HEMT structure grown on 
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the 8 degree (towards <10i 0>) vicinal GaN (0001) substrate, and the HEMT surface replicated 
the substrate surface. The entire wafer surface was uniform, without any hillock morphology. 

[0090] FIG. 18 is a capacitance-voltage measurement of the HEMT device layer grown on 
the 8 degree offcut (towards <1010>) GaN (0001) substrate. The sharp pinch-off demonstrated 
a good 2DEG in the AlGaN/GaN interface region. 

Example 4 

[0091] An MOVPE homoepitaxial film was grown on a vicinal GaN (0001) with an offcut 
angle of about 1 degree but the offcut direction was between <1010> and <11 2 0>. Under 
optical microscope examination, the surface morphology was imiform and quite smooth, with 
no hillock morphology present on the homoepitaxial film. 

[0092] FIG. 19 is a 50x50 fim^ AFM scan of the 2 /xm thick homoepitaxial GaN film 

grown on the vicinal GaN (0001) substrate with offcut direction between <10 1 0> or <11 2 0>. 
The growth conditions included a growth rate of 2 /im/hr and a growth temperature of 1170**C. 
The pits were associated with dislocations. 

[0093] The AFM image shows that the surface was not exactly flat, instead, having small 
scale ridges and valleys that were not observed on the homoepitaxial film grown on the vicinal 

GaN (0001) wafer with offcut towards <10i0> or <1 1 2 0> directions. 



[0094] The foregoing illustrative examples clearly demonstrate that vicinal substrates of 
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the present invention enable uniformly smooth homoepitaxial GaN films to be produced 
thereon, without the occurrence of hillock surface morphology on the homoepitaxial films 
formed thereon. If the starting wafer blank has a residual stress causing lattice curvature, a 
distribution of offcut angles will be introduced on the finished vicinal wafer during the wafer 
fabrication processes. As long as the offcut is larger than the lattice curvature, the entire wafer 
area will have an offcut, thus avoiding any incidence of hillock surface morphology. 
Preferably, however, residual stress in the wafer blank is removed prior to wafer fabrication 
processing, in order to achieve a more consistent ofTcut angle and direction across the entire 
wafer. Stress relief can be achieved, for example, by chemical etching, thermal annealing, etc., 
of the wafer. 

[0095] The optimal MOVPE growth conditions on the vicinal GaN substrates of the 
invention may vary slightly depending on the degree and direction of the offcut angle. Offcut 
will also affect doping and impurity incorporation in the homoepitaxial film. To achieve 
optimal device performance, growth conditions should be optimized for the specific vicinal 
substrate, e.g., by empirical determination involving selective variation of growth parameters to 
determine an optimum set of growth conditions, as may be readily carried out within the skill of 
the art, based on the disclosure herein. 

[0096] Furthermore, different individual microelectronic/opto-electronic devices (e.g., 
laser diodes, light emitting devices, transistors, diodes, detectors, etc.) may require different 
vicinal substrates for best performance in a specific operating regime, as also is readily 
determinable within the skill of the art based on the disclosure herein. Optimal MOVPE 
growth conditions on the vicinal GaN substrate will also depend on the specific growth reactor 
geometry that is employed. 

[0097] While the invention has been described herein with reference to specific aspects, 
features and embodiments, it will be recognized that the invention is not thus limited, but rather 
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extends to and encompasses other variations, modifications and alternative embodiments. 
Accordingly, the invention is intended to be broadly interpreted and construed to encon^ass all 
such other variations, modifications, and alternative embodiments, as being within the scope 
and spirit of the invention as hereinafter claimed. 
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